Abstract-This paper develops a threshold power rationale that can be used to demonstrate inherent compliance for portable wireless devices with specific absorption rate (SAR) limits over the 300-6000-MHz frequency range. This is achieved first by understanding the relationship between basic antenna parameters (bandwidth, operating frequency, and distance to the body) and SAR. From this, an upper limit is determined for the power transmitted by a portable wireless device such that the SAR will not exceed the compliance limit. Based on the presented computational and measured data, an empirical formula is developed for the threshold power as a function of the aforementioned parameters. It is demonstrated that the derived threshold power is conservative for all of the lowdirectivity antennas studied. Computed results are also compared against practical device data (mobile telephone data collected from the manufacturers) to show that the predicted threshold power data using the proposed formula are conservative. The limitations of the proposed formula are also discussed.
compliant with the SAR limits, based on a robust scientific rationale. That is the aim of this paper. It is also the subject of a draft IEC standard [8] . A previous standard [9] categorizes devices as inherently compliant with the 2 W/kg SAR limit if the transmitted power is below 20 mW. This simple threshold does not take into account parameters such as frequency, distance, or bandwidth. In addition, it assumes that all of the power is absorbed in the 10-g tissue mass and none is used for communication, as explained in [10] .
In the literature, there has been considerable research on antennas and SAR. Kuster and Balzano [11] studied the basic mechanisms that influence the SAR and found that the SAR distribution is strongly related to the current distribution on the antenna. Jensen and Rahmat-Samii [12] and Okoniewski and Stuchly [13] investigated the interaction between the antenna and the body, including how the presence of the user affects the antenna efficiency. Analyses of the influence of the head model on SAR by Hombach et al. [14] and Meier et al. [15] found that homogeneous phantoms can give a good representation of the SAR in a person. Watanabe et al. [16] analyzed the influence of the head and hand models on SAR at different distances from dipole and monopole antennas. Other investigations of the influence of antenna and body parameters on SAR have been performed on specific antenna types, such as linear wire antennas [17] [18] [19] , helices [20] [21] [22] [23] , and planar antennas [24] [25] [26] [27] . There have also been studies to develop and improve measurement and computational methods [3] , [20] , [28] , [29] and to analyze human head and body models [30] [31] [32] [33] .
Interestingly, to date, there has been no report in the literature that attempts to relate one or more antenna performance characteristics (e.g., bandwidth or directivity) to SAR over several categories of antennas. Due to the expense of measurements and numerical modeling, developing this relationship can lead to much easier and cost-effective estimates of SAR for portable wireless devices. Recently, the authors investigated such a relationship for linear wire dipole antennas [10] . The paper defined a minimum threshold power level below which the SAR cannot exceed the SAR limit. Kivekäs et al. [26] explored a relationship between bandwidth, efficiency, and SAR for one planar antenna at each of two frequencies. The agreement of our results with this paper will be discussed later.
Most portable wireless devices generally operate very close to the user's head or body (about 5-25 mm from the head or body) within the 300 MHz to 6 GHz frequency range. At these distances and frequencies, the user is typically in the near field of the antennas [34] . Since the quality factor (Q) of an antenna is a function of its stored and radiated energies [35] , it is expected that there may exist an inherent relationship between the antenna Q (and therefore, the impedance bandwidth) and the maximum SAR it will induce into a human head or body.
The primary focus of this paper is to study the performance characteristics and SAR of a large number of antennas over a wide frequency range in order to explore the possibility of developing such a relationship. To that end, we investigate dipoles, monopoles, planar inverted-F antennas (PIFAs), inverted-F antennas (IFAs), and microstrip patches in the frequency range of 300-6000 MHz, both in free space and next to a flat phantom. The antennas selected in this paper have radiation characteristics that are representative of a large majority of portable wireless transmitters. They may not be representative of highly directional antennas, such as those employed in indoor/outdoor fixed transmitters, but such devices, which are not intended to operate near the user's head or body, are out of the scope of this paper.
The paper is organized as follows. First, the antenna geometrical models and the computational and measurement methods are described. Second, a summary of the simulation and measurements results are presented and explained. Third, based on these results, a statistical analysis of all simulation and measurement data is performed to develop a formula that can be used to estimate the threshold power conservatively. Finally, the validity of the formula is demonstrated by comparing the predicted threshold power with that obtained from direct simulation and measurement.
II. METHODOLOGY

A. Antenna Models
A large variety of antenna types, shapes, and sizes are used in wireless devices. Performing a study that includes all antenna types, shapes, and sizes is a formidable task and is not required since many of them have similar impedance, bandwidth, efficiency, and gain characteristics. A better approach is to categorize the antennas into broad classes and analyze representative antennas from each class. In this paper, we have classified commonly used antennas into dipoles, monopoles, PIFAs, IFAs, and microstrip patches. All measured antennas are externally fed via coaxial cables. Quarter-wavelength baluns are used to choke off antenna currents.
For all calculations and measurements performed in this study, the antenna is positioned next to a flat phantom (see Fig. 1 ). The flat phantom consists of a lossy phantom material and a lossless outer shell having a relative permittivity of 3.7. The dielectric parameters and the minimum dimensions of the phantom material, and the 2 mm thickness of the outer shell meet the specifications of IEEE Standard 1528-2003 [36] and the latest draft of IEC 62209-2 [37] .
The dielectric parameters of the phantom material were established to produce a SAR in the head that is conservatively high when compared to real people [36] , [38] . Independent studies have confirmed that the dielectric parameters are conservative for the head [32] , [33] . The results of Christ et al. [39] and the analysis of Douglas and Chou [40] show that the SAR is conservatively high in the phantom when these head dielectric Fig. 1 . Schematic of antenna position next to the flat phantom. h is the distance from the phantom material to the antenna feedpoint on the dipole axis. The minimum length (L p h ), width (W p h ), and depth (D p h ) of the phantom, and the dielectric parameters (ε r , σ) of the phantom material comply with [36] and [37] .
parameters are used instead of the dielectric parameters for the trunk of the body adopted by the U.S. Federal Communications Commission guidelines [41] . IEC 62209-2 has therefore adopted the use of head dielectric parameters for the trunk of the body also. Additionally, it has been shown by Okoniewski and Stuchly [13] that a flat phantom has a significantly higher SAR than a spherical or a realistic human head phantom. For these reasons, the flat phantom analysis presented in this paper provides conservative results that are applicable to both head and body exposure.
1) Dipole Antennas: Linear wire dipole antennas of lengths λ/15, λ/8, λ/4, and λ/2 were studied at 300, 450, 900, 1450, 1900, 2450, 3700, and 6000 MHz in free space and next to the flat phantom. The distances between the antenna feedpoint and the phantom material are h = 5, 10, and 20 mm (see Fig. 1 ). The dipole wire radius is 1.8 mm.
2) Monopole Antennas: Quarter-wave linear monopole antennas at 300, 900, 1900, 3700, and 6000 MHz were mounted on the center of the top face of a 100 × 40 × 19 mm 3 metal box resembling a conventional portable wireless device [see Fig. 2(a) ]. Helical monopoles (14 turns, 48-mm axial length, 4 mm diameter) and printed meander monopoles (7 mm pitch and 51-mm axial length, printed on RO 4003 c substrate), both operating at 900 MHz, were also investigated. A dual-band meander antenna operating at 900 and 1900 MHz was also analyzed [see Fig. 2(b) ]. The meandered branch is responsible for the resonance at the low frequency while the straight strip is responsible for the resonance at the high frequency. Antennas were studied in free space and next to the flat phantom (h = 12 and 20 mm). Due to the thickness of the metal box and the phantom shell, the smallest distance that could be used was h = 12 mm.
3) Planar Antennas: All planar antenna models were mounted on a metal box of dimensions 100 × 40 × 10 mm 3 . They were modeled and measured both in free space and next to the phantom. Next to the phantom, the antennas were oriented in both the conventional [ Fig. 3(a) ] and flipped orientations [ Fig. 3(b) ]. In the flipped orientation, the smallest distance to the phantom was h = 10 mm, whereas in the conventional [36] and [37] . h is the distance from the phantom material to the antenna feedpoint. orientation, the smallest distance was h = 13 mm due to the thickness of the metal box. A distance of h = 20 mm was also used for both orientations.
PIFAs at heights of 6 mm or higher from the ground plane are widely used for portable wireless devices at 900 and 1900 MHz [42] . Hence, two specific PIFAs at this height and these two frequencies were chosen for the study. Fig. 4(a) shows the schematic for these antennas. The width (W) and length (L) of the antenna are 31 mm and 40 mm at 900 MHz and 13.5 mm and 20 mm at 1900 MHz. The feed and the shorting pin were constructed from 1-mm-wide strips and were separated from each other by 2.5 mm at 900 MHz and 2 mm at 1900 MHz, respectively.
Two surface mount PIFAs operating at 2450 and 3700 MHz were also studied. The geometry of the surface mount PIFA is shown in Fig. 4(b) . A 3-mm-thick FR4 substrate was placed on top of the metal box as shown. For both frequencies, the trace width (W) is 1 mm. Antenna lengths (L) are 16.5 mm at 2450 MHz and 9.75 mm at 3700 MHz. The feed to shorting pin distance (x) is 1 mm at 2450 MHz and 0.5 mm at 3700 MHz. The loss tangent of FR4 is 0.02. An IFA, as described in [43] , was designed for operation at 2450 MHz. To ensure that there is no metal ground under the antenna, metal was removed from the handset box with a volume of 20 × 5 × 10 mm 3 , as illustrated in Fig. 4(c) .
Generally microstrip patch antennas are not used in commercial portable wireless devices at frequencies below 2000 MHz because of their relatively large size and narrow bandwidth. In this study, microstrip patches operating at 2450, 3700 and 6000 MHz were investigated. The antenna geometry and its placement location with respect to the metal box are shown in Fig. 4 Finally, two dual-band PIFAs operating at 900 and 1900 MHz and 2450 and 6000 MHz and one dual band IFA operating at 2450 and 6000 MHz were studied. Fig. 4 (e)-(g) show the respective antenna geometrical models and dimensions.
B. Computational Techniques
For this paper, BW is used to denote the half-power bandwidth of the antenna in free space. To provide a conservatively high value of bandwidth, a perfect impedance match condition was enforced at the center frequency during postprocessing. In this condition, the half-power bandwidth is approximately equal to 1/Q and corresponds to |S 11 | ≤ −7 dB (i.e., voltage standing wave ratio of 2.6 or less) [44] , [45] . The bandwidth is determined with the antenna in free space (i.e., the phantom is not present), and is expressed as a percentage of the center frequency. The reason for choosing the free-space bandwidth is because it is easier to measure than when it is near the phantom, it is well known by the device manufacturer, and it is independent of the user configuration (used at the head, worn on the belt, etc.).
Antenna efficiency was computed next to the flat phantom. Since there is no mismatch loss, the antenna efficiency is equal to the radiation efficiency and accounts for the dielectric losses in the phantom material and the antenna substrate, if any.
Peak 1-g and 10-g averaged SAR values were computed using an antenna transmit power of 1 W rms. Since some antennas in this study are not resonant, much of the power would normally be reflected at the antenna feedpoint. However, a perfect impedance match was enforced, resulting in conservatively high SAR values. In accordance with [36] and [37] , the flat phantom dimensions are 600 × 400 × 150 mm 3 for frequencies of 300 and 450 MHz and 225 × 150 × 150 mm 3 for higher frequencies. A commercial method of moments program (IE3D, Zeland Software, Freemont, CA, USA) [46] was used to compute the bandwidth and efficiency of the dipole antennas. The phantom was modeled as in Fig. 1 . To save computation time without sacrificing accuracy, the shell and phantom material were modeled as infinite dielectric slabs with finite depth (2 mm for the shell and 150 mm for the phantom material) and infinite length and width.
For the monopole and planar antennas, a commercial FDTD program (XFDTD, Remcom Inc., State College, PA, USA) was used for all bandwidth, efficiency, and SAR calculations [47] . XFDTD was also used for SAR calculations of the dipole antennas. In an earlier paper [10] , the XFDTD models were validated against the half-wave dipole data presented in IEEE Standard 1528-2003 [36] . In this paper, we used the Liao absorbing boundary condition (ABC) to save computation time. The efficacy of the Liao ABC was verified by comparing with perfectly matched layer (PML) ABC data. For impedance computations, Gaussian pulses were used with automatic convergence at a threshold of −40 dB. For SAR and efficiency computations, a sinusoidal waveform was used. Generally, a uniform mesh of 1 mm was used, while for the planar antennas, a graded mesh was selected with the mesh size ranging between a minimum of 0.25 mm and a maximum of 1 mm.
C. Measurement Techniques
Measurements were performed for a selected number of antennas from the full set that were analyzed with computational techniques. For measuring the impedance bandwidth of the antenna models, the complex S 11 parameter in the frequency range 100 MHz to 10 GHz was measured and recorded using an 8722 C vector network analyzer (Agilent, Santa Clara, CA, USA) after standard open-short-load calibration. From the recorded S 11 versus frequency data, the bandwidth was computed after enforcing a perfect match at the desired frequency.
SAR measurements were carried out with the antenna models positioned next to the elliptical flat phantom ELI4 with major and minor axes of approximately 600 mm and 400 mm (Schmid & Partner Engineering AG, Zürich, Switzerland). Approximately 28 L of tissue-equivalent liquid yield a phantom material depth of 150 mm. The phantom size and dielectric properties of the phantom liquid correspond to [36] and [37] . The dielectric properties of the liquids were measured prior to SAR measurements using the HP85070B dielectric probe kit in combination with the vector network analyzer. In the case of deviations from the target values of more than ±5%, the liquids were adjusted and remeasured. SAR measurements were conducted using the DASY3 system from Schmid & Partner Engineering AG. The uncertainty assessments for the SAR measurements according to IEEE Standard 1528-2003 yielded a ±25%-30% expanded (k = 2) measurement uncertainty, depending on frequency.
III. RESULTS
A. Bandwidth, Efficiency, and Threshold Power
In a previous paper, the authors defined a quantity called the threshold power, P th,m , [10] which represents the antenna transmit power at which the peak spatial-averaged SAR has reached the applicable SAR limit. Thus, according to [10, eq. (3) ]
where P t is the transmit power (1 W in this study), SAR m is the computed or measured peak SAR averaged over tissue mass m (either 1 g or 10 g) and SAR limit ,m is either 1.6 W/kg for m = 1 g [5] , or 2 W/kg for m = 10 g [6] , [7] . The next three sections show the results for the three main antenna classes: dipoles, monopoles, and planar antennas.
1) Dipole Antennas:
Since the number of antennas and other variables in this paper is large, a selected number of cases is presented to elucidate the observations. In Fig. 5 , bandwidth, efficiency, and P th,m for λ/15 and λ/2 dipoles are shown for a distance of h = 5 mm. For the λ/15 dipoles, Fig. 5(a) shows that the maximum value of BW is 0.1% at 300 MHz and 0.96% at 6000 MHz. The physically small antenna to phantom distance translates into a very small electrical distance at the lower frequencies that results in minimal useful radiated power, as nearly all of the power is absorbed in the phantom. Although bandwidth increases with frequency, the largest value is still quite inadequate for most practical applications. It is therefore unnecessary to analyze dipole antennas with lengths shorter than λ/15. P th,m for m = 1 g and 10 g are also shown in Fig. 5(a) . As expected, P th,m is large at the low frequencies partly due to the low conductivity of the medium. The smallest P th,m value is 5.6 mW for 1 g average and 35.8 mW for 10 g average, both at 3700 MHz. Similar data are also plotted in Fig. 5(b) for the λ/2 dipole antennas. Simulated and measured BW data are generally in good agreement. BW numbers are significantly larger than those for the λ/15 antennas, as expected [35] , increasing from 11.4% to 60.2% with frequency. Antenna efficiency is greater than that of the λ/15 antennas but has the same general trend. Comparing the P th,m scales of Fig. 5(a) and (b) , it is clear that P th,m is higher for the λ/2 antennas than the λ/15 antennas, the highest being 421 mW versus 50 mW for m = 1 g.
2) Monopole Antennas: Computed and measured BW and P th,m for quarter-wave linear monopole antennas are compared in Fig. 6 . The computed and measured BW data in Fig. 6(a) are in good agreement. Bandwidth is highest at 900 MHz because the combined length of the handset and the monopole is close to a half-wavelength at 900 MHz, making the structure selfresonant. Fig. 6 (b) and (c) illustrate the computed and measured P th,m data as a function of frequency. The agreement between the simulated and measured data is excellent. As apparent, for both the 1-g and 10-g average cases and for both h = 12 mm and h = 20 mm, P th,m decreases sharply at the lower frequencies up to 900 MHz. At lower frequencies, the spacings of 12 and 20 mm are electrically small, and therefore, the antenna demonstrates near-field behavior (increasing SAR or decreasing P th,m with frequency). As the frequency increases, the electrical distance increases, and hence, P th,m is either monotonic or increases slightly with frequency.
A quarter-wave linear monopole, a meander monopole, and a helical monopole are compared in Table I . All three antennas are operating at 900 MHz. Since the helical and meander monopoles have shorter axial lengths, their bandwidths are narrower than the quarter-wave linear monopole [35] . A shorter axial length also results in a more concentrated current distribution, resulting in a more focused SAR distribution and a lower value for P th,m [22] , [48] . Therefore, there is a positive correlation between BW and P th,m . Efficiency values for these antennas are similar. This is expected, as the radiating characteristics of these three antennas are similar, resulting in similar levels of absorbed power in the phantom (linear and meander dipole results exhibit the same behavior in [10] ).
3) Planar Antennas: In Fig. 7 , bandwidth and P th,m of PIFAs are plotted versus frequency for h = 20 mm. Simulated and measured data are in excellent agreement. The bandwidths of the antennas at 2450 and 3700 MHz are narrower than the bandwidths at 900 and 1900 MHz due to the existence of the FR4 substrate that reduces the antenna size. The threshold power increases with frequency at 20 mm due to the larger electrical distance. Tables II and III compare the computed and measured bandwidth, efficiency, and P th,m of PIFA, IFA, and patch antennas for the conventional and flipped orientations. The patch antenna induces the lowest SAR (highest P th,m ) in the conventional orientation and the highest SAR (lowest P th,m ) in the flipped orientation. This is due to the antenna's high directivity (≈6 dBi) relative to the other antennas, which in the conventional orientation confines the radiated power away from the phantom.
B. Threshold Power Comparison
A comparison of the threshold powers of the different antenna types studied is necessary to develop the threshold power formula. The results are compared in Fig. 8(a) for all antennas investigated at f = 2450 MHz and h = 20 mm. A similar comparison is presented in Fig. 8(b) for antennas at f = 900 MHz and h ≈ 10 mm. From Fig. 8 , it is seen that the dipole antennas yield the lowest P th,m . This is also the case for the other frequencies and distances investigated, with three exceptions. The exceptions observed were for the patch antenna in the flipped orientation at the two highest frequencies and distances (i.e., at f = 3700 MHz for h = 20 mm and at 6000 MHz for h = 10 and 20 mm). This observation will be addressed in detail later. Based on the results of this study, the dipole antennas are selected to develop a formula for threshold power.
IV. ANALYSIS
The aim of this paper is to derive a simple formula for P th,m that is conservative and easy to implement. Since the dipole antennas induce the lowest threshold power compared to the other low-directivity antennas, dipole data were used to develop the formula. In order to make the formula practical for an engineer to use, the formula is a function of three antenna parameters that are easy to determine: the half-power bandwidth of the antenna in free space (BW), the center frequency within this bandwidth (f ), and the distance of the device to the user's head or body (s). The threshold power is closely related to bandwidth, frequency, and distance, as described earlier.
In Fig. 1 , h was used to denote the distance from the antenna feedpoint to the phantom material. From a practical standpoint, it is often difficult to know where the antenna feedpoint is on a portable wireless device (or even where the antenna is located). To make the formula easier for an engineer to use, we use a new variable s to denote the closest distance between the nearest surface of the portable wireless device and the phantom. The relationship between h and s is
where ∆ is the distance between the antenna's feedpoint and the closest point on the portable wireless device to the phantom. This means that s is always less than or equal to h. For instance, for the 900 MHz PIFA in the conventional orientation, the box width is ∆ = 10 mm, so s = 3 mm when h = 13 mm. Using s rather than h in the formula also makes the formula more conservative. This is because the dipole antennas are located at a distance of s = h from the phantom, while s < h for most practical devices. Therefore, the device is being evaluated as if the feedpoint was at the closest surface of the device to the phantom. The smaller distance leads to a lower (more conservative) value for P th,m . For the analysis, dipole antenna simulations at a distance of s = 25 mm were added to the existing data at s = h = 5, 10, and 20 mm. The relationships between the computed P th,10 g and the parameters s, f, and BW are illustrated in Fig. 9(a) -(c), respectively. A semi-log plot of P th,10 g versus s in Fig. 9(a) indicates that there is a nearly linear relationship between ln(P th,10 g ) and s. In fact, a second-order polynomial in s provides a good fit to ln(P th,10 g ). Similarly a semi-log plot of P th,10 g versus f in Fig. 9(b) shows that ln(P th,10 g ) can be described by a third-order polynomial in f. Finally, a log-log plot of P th,10 g versus BW in Fig. 9 (c) indicates a linear relationship between ln(P th,10 g ) and ln(BW). The same observations can also be drawn from the P th,1 g data. These observations led to the following formula to estimate the threshold power for a wireless device near the head or body of a user P max,m = exp As + Bs 2 + C ln(BW) + D
where P max,m is a best-fit underestimate of the P th,m data obtained from FDTD computations. In (3), s is expressed in millimeters and BW in percent (e.g., enter "10" if bandwidth is 10%). A, B, C, and D are third-order polynomials of frequency. A least-squares fit of (3) to the computed dipole antenna data was initially used to solve for A, B, C, and D. Different variations of the formula were investigated (e.g., adding an s 2 component, changing the polynomial order of the frequency dependence) to improve the fit while keeping the formula simple. Subsequently, some of the parameters in the A, B, C, and D polynomials were manually adjusted to ensure that P max,m ≤ P th,m for all dipole data points. This led to the following solution for SAR limit,1 g = 1.6 W/kg: 
In (4) and (5), f is expressed in gigahertz. The formula in (3)- (5) can also be linearly scaled to other SAR limits having the same averaging mass. For example, the International Commission on Non-Ionizing Radiation Protection (ICNIRP) specifies SAR limit,10 g = 4 W/kg for the general population exposure of the limbs and SAR limit,10 g = 20 W/kg for occupational exposure of the head and trunk. In these two cases, P max,m would be determined by first solving (3) and (5), then multiplying the result by factors of 4/2 = 2 and 20/2 = 10, respectively. Similarly, if SAR limit,1 g = 8 W/kg from [5] is applicable, the result of (3) and (4) would be multiplied by a factor of 8/1.6 = 5 to determine P max,m .
V. COMPARISON
Values of P max,1 g and P max,10 g estimated using (3)- (5) are plotted versus frequency in Fig. 10(a) and (b) for four different cases of s and BW. The four distances, s, represent the valid range of distances in this paper, from s = 2 mm (i.e., the closest distance where the device is touching the 2-mm-thick phantom shell) to s = 25 mm. The four bandwidths, BW are selected from among the typical bandwidths of portable wireless devices listed in Table IV , plus a very narrow bandwidth of 1%. It can be seen that the values of P max,1 g and P max,10 g are always above the physical limits of 1.6 mW and 20 mW, respectively, even in the extreme case when s = 2 mm and BW = 1%. Table IV shows P max,m values for typical operating frequency bands used by portable wireless devices calculated from (3)-(5) at s = 5 mm and 25 mm. For this exercise, bandwidth was set to the frequency band of the communication system. The values in Table IV may be used to get an impression of what threshold power levels could be expected in these frequency bands. For example, a GSM mobile telephone typically transmits at 125 mW output power in a bandwidth centered at 1795 MHz. Table IV row 13 shows that if bandwidth for a GSM mobile telephone handset covers at least the 9.5% bandwidth of the communication system, it cannot be exempted from SAR testing if it is located s = 5 mm away from the body, but it could be exempted at 25 mm (3)- (5) distance from the body (e.g., while held in a 25-mm-thick carry accessory). Table IV is only a guide. The reader should always use the correct values of s, BW, and f that apply to the specific portable wireless device under investigation. The value of BW should be the measured |S 11 | ≤ −7 dB bandwidth of the antenna in free space. The value of f is the center frequency of the bandwidth BW. The value of s is from the manufacturer's intended use of the device, which indicates how the device would be tested for SAR compliance (e.g., worn on the body in a belt clip that is 15 mm thick). There may be more than one intended use of a product, resulting in more than one value of s. In this case, the formula can be evaluated separately for each intended use. This information is known by the engineer prior to SAR compliance testing. (3)- (5) against the measured (x) and simulated (o) threshold powers of antenna models used in this study. The amount of underestimation of the formula is shown for all models, as a function of frequency.
A. Comparison Between Estimated P max,m and Simulated and Measured P th,m
In Fig. 11 , a comparison is made between P max,10 g and the threshold power levels, P th,10 g , for all the antennas studied in this paper. The underestimation of P max,10 g is plotted in decibels on the vertical axis. The underestimation is equal to 10 log 10 (P th,10 g /P max,10 g ). Results are presented for both the measured and simulated data. All antennas were made to be perfectly matched at the center frequency, and simulated antennas have no conductor losses. Therefore, these antennas will have lower P th,m values (thereby giving lower underestimation values) than they would have had in practice.
It is seen that for all the antennas except one, the underestimation is positive, i.e., P max,10 g < P th,10 g (the same is true for P max,1 g ). For these cases, the underestimation ranges from 0.5 to 23 dB with an average underestimation of 12 dB (for P max,1 g , the underestimation ranges from 1.1 to 27 dB with an average of 14 dB). This indicates that using the dipole data to determine P max,m was a good choice. It is also seen that the lowest values of the P max,10 g underestimation are consistent across the range of frequencies, meaning that P max,10 g is not significantly biased toward low or high frequencies (the same was observed over the range of values of s and BW). There is one antenna for which P max,m does not underestimate P th,m . This issue will be addressed in further detail within Section VI.
B. Comparison Between Estimated P max,m and Practical Device Data
SAR and transmit power data of several commercially available mobile telephone models were collected from the manufacturers and analyzed. The power corresponds to the maximum conducted power at the antenna port measured into a 50 Ω load. Data were collected for models used at the head and worn on the body. For models used at the head, a distance of s = 5 mm was assumed. For models used at the body, the distance supplied by the manufacturer was used. The manufacturers also supplied the frequency information, including the operating bandwidth of the device (it was assumed that the operating bandwidth is equal to the −7 dB bandwidth, as done for Table IV ). The threshold powers for these models were calculated and are compared against P max,m in Fig. 12 . Clearly P max,m significantly underestimates the threshold power levels for all of these mobile phones. The underestimation is always over 2 dB, and in some cases, over 10 dB for the models studied.
Kivekäs et al. explored the relationship between bandwidth and SAR for two planar antennas at 900 and 1800 MHz [26] . Data are available in their paper for s, BW, f, and SAR of the two antennas. The paper provides the −6 dB bandwidth, which is wider than the −7 dB bandwidth. A comparison of the formula with their data reveals that the formula underestimates the threshold powers by 3.6 to 8 dB. Had they provided the −7 dB bandwidth for the antennas, the underestimation would have been even greater. These results are in line with the mobile phone data in Fig. 12 . 
VI. DISCUSSION
The P max,m value predicted by the formula proposed in this paper underestimates all antennas investigated in this study but one. This highlights an important point: the threshold power derived in this paper is expected to be conservative for typical antennas for portable wireless devices, but it is not conservative for all antenna types. The exception among all antennas investigated is a microstrip patch antenna operating at 6 GHz and facing toward the phantom (i.e., in the flipped orientation) at a distance of h = 20 mm. In this instance, the simulated threshold powers, P th,m , of the dipole antennas are greater than P th,m of this patch antenna. There are two other instances of patch antennas where this is also the case (as explained in Section III-B). The reason why the formula overestimates in only one instance is because of conservative factors introduced in the formula, including the use of s instead of h for distance and adjustments applied to the formula to ensure that P max,m ≤ P th,m for all dipole data points.
It was observed that when microstrip patch antennas are oriented toward the phantom at larger electrical distances s/λ, they result in lower values of P th,m than the shortest dipoles. For instance, at 6 GHz, the patch placed at h = 10 and 20 mm (s = 7 and 17 mm due to the 3-mm patch height) from the phantom gives P th,10 g values of 104 and 225 mW while a λ/15 dipole gives 143 and 455 mW (see Table V) . A similar situation is repeated at 3.7 GHz but only for the 20 mm distance, while at 2.45 GHz, this situation is not evident at either distance. The same conclusions are true of P th,1 g . This is clearly a different phenomenon that involves directive antennas at large electrical distances. For h = 20 mm and at 6 GHz, the SAR induced by a directive patch radiating toward the phantom is 2.24 times that of a half-wave dipole. Interestingly, the directivity of the patch antenna in this case is 2.6 times the directivity of a half-wave dipole. So, the difference in P th,m is related to the directive nature of the patch.
It is seen in Fig. 9 (b) that the threshold power levels of the four dipoles are converging at the higher frequencies. Seen another way, in Fig. 9(c) , the dependence of the threshold power on bandwidth is decreasing at the higher frequencies, such that the threshold power curve is nearly flat at 6 GHz. As the frequency and physical distance to the phantom increase, the electrical distance to the phantom increases to the point where the phantom may no longer be in the reactive near-field region of the antenna. The threshold power should be more dependent on directivity than bandwidth in this region. Thus, in this region, directivity will be a critical parameter in order to develop threshold power rationale.
Typical microstrip patch antennas on foam with a λ/2 aperture size provide directivity in excess of 6 dBi while λ/2 and infinitesimal dipoles have directivities of 2.2 and 1.8 dBi, respectively [34] . The dipole antennas therefore have similar directivities and similar P th,m values when operating at large electrical distances from the phantom. However, the situation is completely different when the dipole antennas are electrically very close to the phantom. At the lower frequencies, the P th,m values are very different and not explained by the directivity [see Fig. 9(b) and (c) ].
These observations lead to the conclusion that when the phantom is in the near-field region of the antenna, the antenna bandwidth should be used to predict P th,m . For far-field cases, P th,m can be better predicted from the antenna directivity. In some cases, the relationship may contain both bandwidth and directivity, for instance, when the phantom is in the radiating near-field. This will be the subject of a future research study.
VII. CONCLUSION
A methodical investigation of a number of antenna types, sizes, and shapes was conducted to understand the relationship between antenna parameters (frequency, distance to the body, and antenna free-space bandwidth) and the SAR so as to determine the threshold power. The study included frequencies ranging from 300 to 6000 MHz, which includes a variety of mobile telephone applications. It was observed that for the classes, shapes, and sizes of antennas investigated, the wire dipole antenna generally allowed the lowest (i.e., most conservative) value for threshold power. By correlating the bandwidth, center frequency, and distance to the body of dipole antennas with the threshold power, a new formula was developed to estimate the threshold power of a wireless device. The conservative nature of the formula has been demonstrated by comparing the estimated threshold powers given by the formula with those obtained from direct simulations and measurements. 
